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Interferons activate the p42/44 mitogen-activated protein kinase and
JAK-STAT (Janus kinase-signal transducer and activator transcription factor)
signalling pathways in hepatocytes : differential regulation by acute ethanol
via a protein kinase C-dependent mechanism
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Interferons (IFNs) have been used in the treatment of viral

hepatitis. However, their effectiveness is much reduced (! 10%)

in alcoholics. The mechanism underlying this resistance re-

mains unknown. Here, we report that IFN-α}β and IFN-γ

rapidly activate the JAK-STAT1 (Janus kinase-signal transducer

and activator transcription factor 1) and p42}44 mitogen-activated

protein kinase (p42}44 MAPK) in freshly isolated rat hepato-

cytes. Treatment of hepatocytes with 25–100 mM ethanol for

30 min inhibited IFN-β- or IFN-γ-induced STAT1 activation

and tyrosine phosphorylation. The inhibitory effect of ethanol

was not reversed by pretreatment with either sodium vanadate, a

non-selective tyrosine phosphatase inhibitor, or with MG132,

a specific proteasome inhibitor. This suggests that protein

tyrosine phosphatases or the ubiquitin–proteasome pathway are

INTRODUCTION

Type I (predominantly α}β) and type II (γ) interferons (IFNs)

were first identified as inducible secretory proteins with antiviral

and antitumor activities, and now have been used in the treatment

of a wide variety of diseases [1], including various liver diseases

[2–8]. For example, IFN-α}β and IFN-γ have been used in the

treatment for viral hepatitis and liver fibrosis [2–8]. The primary

form of treatment for viral hepatitis is interferon therapy alone

or in combination with Ribavirin. Such therapy can reduce

elevated serum alanine transferase levels, eliminate serum virus

RNA and improve liver histology [2–8]. Unfortunately, however,

less than 10% of alcoholics are responsive to IFN therapy

[9–12].

Type I (predominantly α}β) and type II (γ) IFNs signal

through distinct but related pathways via binding to type I and

type II receptors respectively. The binding of IFNs to their

receptors activates the receptor-associated tyrosine kinases

[JAK1 and TyK2 associate with the two chains of IFN-

α}β receptor, JAK1 (Janus kinase 1) and JAK2 with the IFN-γ

receptor chains]. This receptor–kinase complex interacts with,

and activates, the SH2-containing cytoplasmic STATs (signal

transducer and activator transcription factors) (IFN-α}β acti-

vates STAT1, STAT2 or STAT3; IFN-γ activates STAT1,

STAT3 or STAT5, depending on cell type). Activated STAT

proteins then form homo- or hetero-complexes that translocate

to the nucleus to activate the transcription of many target genes

(reviewed in [13–15]). In addition to the JAK-STAT signalling

Abbreviations used: JAK-STAT, Janus kinase-signal transducer and activator transcription factor ; p42/44 MAPK, p42/44 mitogen-activated protein
kinase ; PKB/Akt, protein kinase B; IFN, interferon; IL-6, interleukin-6 ; IRS1, insulin receptor substrate-1 ; JNK, c-Jun N-terminal kinase ; PKC,
protein kinase C; DMSA, DNA gel-mobility-shift assay ; SH, Src homology.
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not involved in the inhibitory action of ethanol. In contrast with

the JAK-STAT signalling pathway, acute ethanol exposure

significantly potentiated IFN-β or IFN-γ-induced activation of

p42}44 MAPK, and caused marked activation of protein kinase

C (PKC). Inhibition of PKC partially antagonized ethanol

attenuation of IFN-induced STAT1 activation, suggesting that

PKC may be involved. Taken together, these findings suggest

that the ability of biologically relevant concentrations of ethanol

(less than 100 mM) to markedly inhibit IFN-activated STAT1 is

one of the cellular mechanisms responsible for the observed

resistance of IFN therapy in alcoholics.

Key words: interleukin-6, proteasome, protein-tyrosine phos-

phatase, tyrosine phosphorylation, viral hepatitis.

pathway, IFNs also activate p42}44 mitogen-activated protein

kinase (p42}44 MAPK) [16–18] and insulin receptor substrate-1

(IRS1) [19,20]. The role of IFN-activated STAT1 in antiviral

and antitumour activities is clearly demonstrated in STAT1

knockout mice [21,22]. In these mice, IFN signalling is defective

and the innate response to viral or bacterial infection is absent.

Furthermore, STAT1-deficient mice as well as IFN-γ-deficient

mice have a higher incidence of tumours [21,22]. However, the

roles of p42}44 MAPK and IRS1 in the function of IFNs are not

clear.

Although IFNs have been widely used in the treatment of liver

diseases, the IFN signalling pathway in the liver and the

mechanisms for unresponsiveness to IFNs in alcoholics remain

unknown. In the present study we demonstrate that IFNs

activated both p42}44 MAPK and JAK-STAT signalling path-

ways in freshly isolated hepatocytes. These signalling pathways

are differentially regulated by acute ethanol treatment. The

ability of biologically relevant concentrations (less than 100 mM)

of ethanol to inhibit IFN-activated STAT1 may, at least in part,

account for the observed resistance of IFN therapy in alcoholic

patients [9–12].

MATERIALS AND METHODS

Materials

STAT1, STAT3, and STAT5 antibodies were purchased from

Upstate Biotechnology (Lake Placid, NY, U.S.A.). Anti-
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phospho-STAT1 (Tyr(!"), anti-phospho-p42}44 MAPK (Tyr#!%),

anti-[phospho-c-Jun N-terminal kinase (JNK)] (Thr")$}
Tyr")&), anti-phospho-Akt (Ser%($) antibodies were obtained from

Bio-lab (Beverly, MA, U.S.A.). The following reagents were

purchased from Sigma Chemicals (St. Louis, MO, U.S.A.) :

ethanol, collagenase type IV, sodium vanadate, Nonidet P40.

GF- 109203X, and MG132 were obtained from Calbiochem (San

Diego, CA, U.S.A.). IFN-α, IFN-β and IFN-γ were purchased

from Bioscience International (Camarillo, CA, U.S.A.). Radio-

labelled [γ-$#P]ATP was purchased from DuPont NEN (Boston,

MA, U.S.A.).

Isolation of hepatocytes

Liver cells were isolated by a collagenase-perfusion protocol as

described previously [23]. Isolated cells were washed twice and

resuspended in Krebs–Henseleit solution (118 mM NaCl}
4.7 mM KCl}1.2 mM MgSO

%
}2.5 mM CaCl

#
}1.2 mM KH

#
PO

%
}

25 mM NaHCO
$
}10 mM glucose) containing 1.5% gelatin, and

were further treated with drugs and}or ethanol and}or IFN.

DNA gel-mobility-shift assay (DMSA)

DMSA for STAT binding was described previously [24,25]. The

STAT binding site of oligo m67 (the high-affinity serum-inducible

element m67) (5«-GTCGACATTTCCCGTAAATCGTCGA-3«)
was used as a probe.

Western-blot analysis

Western-blot analysis was described previously [23]. Hepatocytes

were re-suspended in lysis buffer [30 mM Tris (pH 7.5)}150 mM

NaCl}1 mM PMSF}1 mM Na
$
VO

%
}1% Nonidet P40}10%

glycerol] and then centrifuged for 10 min at 4 °C. The protein

concentration of the supernatant (protein fraction)was calculated

using the Bio-Rad protein assay. An aliquot of 40 µg of protein

was mixed with an equivalent volume of 2¬protein loading

buffer, pH 7.4, containing β-mercaptoethanol and boiled for

5 min before loading on to an SDS}8%-polyacrylamide gel.

After electrophoresis, proteins were transferred on to nitro-

cellulose membranes and blotted against primary antibodies.

Membranes were washed with TPBS (0.05% Tween 20 in PBS,

pH 7.4) and incubated with a 1:4000 dilution of horseradish

peroxidase-conjugated secondary antibodies for 45 min. Protein

bands were revealed by an enhanced-chemiluminescence (ECL2)

reaction (Amersham Pharmacia Biotech, Piscataway, NJ,

U.S.A.).

P42/44 MAPK, JNK and protein kinase B (PKB/Akt)
phosphorylation

P42}44 MAPK, JNK, and PKB}Akt phosphorylation were

detected by Western-blot analysis using specific anti-phospho-

p42}44 MAPK (Tyr#!%), anti-phospho-JNK (Thr")$}Tyr")&), and

anti-phospho-PKB}Akt (Ser%($) antibodies respectively.

Protein kinase C (PKC) assay

PKC activity was determined by measuring the transfer of $#P

from [γ-$#P]ATP to histone IIIs as described previously [26].

Briefly, the reaction was initiated by the addition of 50 µg of

protein from the cytosol or membrane fraction to a reaction

mixture (0.25 ml volume) containing 20 mM Tris}HCl, 0.75 mM

CaCl
#
, 20 mM magnesium acetate, 5 µg of leupeptin, 100 µg of

histone IIIs, 100 µM (60 c.p.m.}pmol) [γ-$#P]ATP at pH 7.5, in

the absence or presence of 25 µg of phosphatidylserine (PKC

cofactor) and 1 µg of diacylglycerol (PKC activator). Samples

were incubated for 5 min at 31 °C and the reactionwas terminated

by the addition of 1 ml of 25% (v}v) trichloroacetic acid. Tubes

were centrifuged at 5000 g for 15 min and the pellet washed three

times with 4 ml of cold trichloroacetic acid (10%, v}v). Precipi-

tates were solubilized with 0.5 ml of 2 M NaOH and trans-

ferred to vials for liquid-scintillation counting. PKC activity

was calculated by subtracting the amount of $#P incorporated in

the absence of phospholipids (non-PKC) from the amount of $#P

incorporated in the presence of phospholipids, and this was

expressed as pmol of $#P incorporated into histone III}min per

mg of protein at 31 °C. Enzyme activity was observed to be linear

up to 15 min. The cytosol and membrane fractions were prepared

as described previously [26]. Briefly, hepatocytes were resus-

pended in 1 ml of homogenization buffer A (20 mM Tris}
HCl}330 mM sucrose}2 mM EDTA}0.5 mM EGTA}2 mM

PMSF, pH 7.5), homogenized with 30 strokes on ice and then

centrifuged at 100000 g for 1 h. The supernatant was used as the

cytosol fraction. The remaining pellet was resuspended in 1 ml of

buffer A containing 1% Nonidet P40 and homogenized for ten

strokes, incubated on ice for 30 min and then centrifuged at

100000 g for 15 min. The supernatant was used as the membrane

fraction.

RESULTS

IFN-α, IFN-β and IFN-γ activate the JAK-STAT1 signalling
pathway in freshly isolated hepatocytes

As shown in Figure 1(A), exposure of freshly isolated hepatocytes

to IFN-α, IFN-β, or IFN-γ for 20–50 min led to a significant

increase in STAT binding to the specific m67 oligonucleotide

probe (lanes 1–4, lanes 5–8 and lanes 9–12). To identify the

STAT protein that was involved, a DNA gel supershift assay was

performed (Figure 1B). As shown in Figure 1(B), STAT1

antibody, but not STAT3 or STAT5 antibody, was able to

supershift the IFN-β-activated complex. Similar results were

obtained with IFN-γ-activated complex (results not shown).

These findings suggest that IFNs activate only STAT1, but not

STAT3 or STAT5, in primary rat hepatocytes. Moreover,

Western-blotting analysis in Figure 1(C) showed that IFN-β or

IFN-γ activated STAT1, but not STAT3, tyrosine phosphoryl-

ation, while interleukin-6 (IL-6) induced both STAT1 and STAT3

tyrosine phosphorylation (lane 4). Furthermore, IFN-α, IFN-β

and IFN-γ also activated STAT1 in human hepatocellular

carcinoma HepG2 cells (results not shown). These findings

indicate that IFN-α, IFN-β and IFN-γ activate the JAK-STAT1

signalling pathway in freshly isolated hepatocytes and HepG2

cells. Since IFN-α and IFN-β both act on the similar type I

receptor [13–15], we only studied the effects of ethanol on one of

the representative IFN-β signalling pathways described in the

present paper.

Effects of IFN-α, IFN-β, and IFN-γ on p42/44 MAPK, PKB/Akt
and p46/54 JNK in freshly isolated hepatocytes

As shown in Figure 2(A), treatment of freshly isolated hepato-

cytes with either IFN-α or IFN-β rapidly activated p42}44

MAPK, the peak effect occurring at 10 and 20 min respectively,

and declined towards control levels after 60 min exposure. IFN-

γ treatment also activated p42}44 MAPK in hepatocytes, with

the peak activation at 5 min and declining towards control levels

after 20 min treatment. Interestingly, upon IFN-γ incubation for

60 min, p42}44 MAPK phosphorylation increased again. Ac-

tivation of p42}44 MAPK by IFN-α}β or IFN-γ was also

observed in HepG2 cells (results not shown). Positive control
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Figure 1 IFNs activate STAT1 in primary hepatocytes

(A) Freshly isolated hepatocytes were incubated with IFN-α (250 units/ml), IFN-β (250

units/ml) or IFN-γ (10 ng/ml) for various time periods as indicated. Whole-cell extracts were

prepared and DMSA was performed using the m67 probe, as described in the Materials and

methods section. (B) Hepatocytes were stimulated with IFN-β (250 units/ml) for 30 min.

Whole-cell extracts were incubated with various STAT antibodies as indicated and subjected to

a supershift assay. (C) Hepatocytes were stimulated with IFN-β (‘ INF-β ’) (250 units/ml), IFN-

γ (‘ INF-γ ’) (10 ng/ml) or IL-6 (20 ng/ml) for 30 min. Whole-cell extracts were subjected to

DMSA to examine STAT binding or Western-blotting analysis using anti-phosphotyrosine

STAT1 (Tyr701) or anti-phosphotyrosine STAT3 (Tyr705). An autoradiogram representative of

three independent experiments is shown in each panel.

Figure 2 Effects of IFNs on p42/44 MAPK, PKB/Akt and JNK in primary
hepatocytes

Freshly isolated hepatocytes were incubated with IFN-α (250 units/ml), IFN- β (250 units/ml)

or IFN-γ (10 ng/ml) for various time periods as indicated. Whole-cell extracts were subjected

to Western-blotting analysis using anti-phospho-p42/44 MAPK, anti-phospho-JNK or anti-

phospho-PKB/Akt antibodies as indicated. Hepatocytes were stimulated with EGF (10 ng/nl),

tumour necrosis factor-α (20 ng/ml) and phenylephrine (10−5 M) for 10 min as positive

controls for p42/44 MAPK, JNK and PKB/Akt respectively. An autoradiogram representative of

three independent experiments is shown in each panel.

activation of p42}44 MAPK by epidermal growth factor (EGF)

was 5-fold stronger than that observed with IFN.

Effects of IFNs on PKB}Akt and JNK were also examined. As

shown in Figure 2, neither IFN-α, nor IFN-β and IFN-γ,

Figure 3 Acute ethanol inhibits IFN-induced STAT1 binding and tyrosine
phosphorylation

(A) Freshly isolated rat hepatocytes were incubated with 100 mM ethanol or buffer for 30 min,

then stimulated with IFN-β (250 units/ml) or IFN-γ (10 ng/ml) for various time periods as

indicated. (B) Freshly isolated hepatocytes were incubated with various concentrations of

ethanol for 30 min, followed by a 30 min stimulation with IFN-β (250 units/ml) or IFN-γ
(10 ng/ml). In (A) and (B), after treatment, whole-cell extracts were prepared and subjected to

DMSA to examine STAT binding or Western-blotting analysis using anti-phosphotyrosine STAT1

(Tyr701) or anti-STAT1 antibodies. An autoradiogram representative of three independent

experiments is shown in each panel.

Figure 4 Acute ethanol potentiates IFN-activated p42/44 MAPK

Freshly isolated rat hepatocytes were pretreated with various concentrations of ethanol, followed

by a 10 min stimulation with buffer, IFN-β (250 units/ml) or IFN-γ (10 ng/ml). Whole-cell

extracts were then subjected to Western-blotting analysis using an anti-phospho-p42/44 MAPK

antibody. The autoradiograms shown are representative of three independent experiments.

activated p46}54 JNK, whereas positive control tumour necrosis

factor-α significantly activated this kinase. IFN-β or IFN-γ, but

not IFN-α, also slightly activated PKB}Akt in primary hepato-

cytes. Positive control phenylephrine markedly stimulated this

kinase. Since IFNs did not significantly activate JNK and weakly

activated PKB}Akt, effects of ethanol on these two kinases were

not further studied here.
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Figure 5 Evidence for the involvement of PKC in ethanol suppression of IFN-induced STAT1

(A) Freshly isolated rat hepatocytes were incubated with 50 µM PD98059 (PD), 2 µM GF109203X (GFX), 1 µM sphingosine (Sph) or 0.5 µM chelerythrine (Chel) for 30 min, then with 100 mM

ethanol for 30 min, followed by a 30 min stimulation with IFN-γ (10 ng/ml) for 30 min. Cell extracts were then subjected to DMSA to detect STAT1 binding or Western-blot analysis using anti-

phospho-STAT1 (Tyr701) or anti-STAT1 antibodies. (B) In left panel, freshly isolated rat hepatocytes were incubated with PMA (0.5–10 µM) for 30 min, followed by a 30 min stimulation with IFNγ
(10 ng/ml). In the right panel, freshly isolated hepatocytes were incubated with 2 µM GF109203X for 30 min, then with 0.5 µM PMA for 30 min, followed by a 30-min stimulation with

IFNγ (10 ng/ml). Cell extracts in both left and right panels were subjected to DMSA to detect STAT1 binding. (A) and (B) are representative of three to seven independent experiments. (C). The

autoradiograms were quantified by phosphorimaging from (A) and (B). Values shown are means³ S.E.M. for three to seven independent experiments, expressed as fold changes over control.

(D) Freshly isolated hepatocytes were incubated with 100 mM ethanol for various time periods as indicated or with 1 µM PMA for 10 min. Cytosol and membrane protein fractions were prepared

and subjected to the PKC assay described in the Materials and methods section.
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Figure 6 Tyrosine phosphatases and the ubiquitin–proteasome pathway
are not involved in ethanol suppression of IFN-induced STAT1 activation

Freshly isolated rat hepatocytes were pretreated with buffer, sodium vanadate (0.2 mM) or

proteasome inhibitor (50 µM MG132) for 30 min, followed by incubation with or without

100 mM ethanol for 30 min, and then stimulated with 250 units/ml IFN-β (A) or 10 ng/ml IFN-

γ (B) for 30 min. DMSA was performed using the m67 probe. An autoradiogram representative

of three independent experiments is shown in each panel.

Acute ethanol inhibits IFN-β- or IFN-γ-induced STAT1 activation
and tyrosine phosphorylation

To examine the effects of ethanol on IFN-induced STAT1

activation, freshly isolated hepatocytes were incubated with

100 mM ethanol for 30 min, followed by stimulation with IFNs

for various time periods. As shown in Figure 3(A), 100 mM

ethanol almost completely abolished IFN-β- or IFN-γ-induced

STAT1 binding to the m67 probe. Furthermore, IFN-β- or IFN-

γ-induced STAT1 activation was inhibited by a 30 min pre-

treatment with ethanol in a concentration-dependent manner,

with inhibition evident at 25 mM and complete inhibition at

100 mM ethanol (Figure 3B).

To examine whether rapid inhibition of IFN-β- or IFN-γ-

induced STAT1 activation by ethanol was due to suppression of

STAT1 tyrosine phosphorylation, Western-blot analysis was

performed using an anti-phospho-STAT1 (Tyr(!") antibody. As

shown in Figure 3(A), it was observed that either IFN-β or IFN-

γ induced significant STAT1 tyrosine phosphorylation, and

pretreatment of hepatocytes with 100 mM ethanol for 30 min

abolished this activation. Ethanol inhibition of IFN-induced

STAT1 tyrosine phosphorylation was also concentration-de-

pendent, with inhibition evident at 25 mM (Figure 3B). Ethanol

alone did not affect basal STAT1 tyrosine phosphorylation

(results not shown). As illustrated in the bottom panels of

Figures 3(A) and 3(B), the same ethanol treatment did not

significantly affect the cellular level of the STAT1 protein

expression. These findings suggest that acute exposure of hepato-

cytes to biologically relevant concentrations of ethanol markedly

inhibits IFN-activated STAT1. The inhibitory effect of ethanol

on IFN-activated STAT1 is not non-specific, since the same

ethanol treatment potentiated IFN-activated p42}44 MAPK (see

below).

Acute ethanol potentiates IFN-β- and IFN-γ-activated p42/44
MAPK

Effect of ethanol on p42}44 MAPK was examined. As shown in

Figure 4(A), exposure of primary hepatocytes to various concen-

trations of ethanol for 30 min did not significantly affect the

basal levels of p42}44 MAPK (top panel), but significantly

potentiated IFN-β- and IFN-γ-activated p42}44 MAPK. Ac-

tivation was most evident at 50–75 mM ethanol.

Activation of PKC is partially involved in ethanol inhibition of IFN-
activated STAT1

Activation of PKC has been proposed to mediate several effects

of ethanol, such as potentiation of p42}44 MAPK [27] or

desensitization of receptor-mediated phospholipase C activation

[28]. To test whether activation of PKC was involved in ethanol

inhibition of IFN-activated STAT1, a highly specific PKC

inhibitor, GF109203X, was used. As shown in Figure 5(A),

blocking PKC activation with 2 µM GF109203X partially pre-

vented ethanol inhibition of IFN-γ-induced STAT1. In this

experiment, as well as seven replicate experiments with similar

results, GF109203X partially (30%) antagonized ethanol sup-

pression of IFN-γ-activated STAT1 (Figure 5C). Other PKC

inhibitors, such as sphingosine and chelerythrine, also partially

antagonized ethanol suppression of IFN-γ-activated STAT1

(Figure 5A). Similar experiments with IFN-α}β and IL-6 were

conducted and suggest that PKC is also partially involved in

ethanol inhibition of IL-6-activated STAT3 and IFN-α}β-

activated STAT1 (results not shown). Moreover, PD98059, a

specific MEK1 inhibitor, also partially reversed ethanol in-

hibition of IFN-activated STAT1 (Figure 5A), suggesting that

activation of p42}44 MAPK is partially involved.

To examine further the role of PKC in ethanol suppression of

STAT activation, two experiments were carried out. First, we

investigated whether the PKC activator PMA was able to inhibit

STAT activation induced by either IFNs or IL-6. As shown in

Figures 5(B) and 5(C), pretreatment of primary hepatoctyes with

0.5 to 10.0 µM PMA significantly inhibited IFN-γ-activated

STAT1 binding and tyrosine phosphorylation. GF109203X, a

highly selective PKC inhibitor, completely abolished PMA

inhibition of STAT activation (Figures 5B and 5C). Similar

experiments with IFN-α}β and IL-6 demonstrated that PMA

attenuated IL-6-activated STAT3 and IFN-α}β-activated

STAT1 (results not shown).

Secondly, we examined whether ethanol was able to induce

PKC activation and membrane translocation. Freshly isolated

hepatocytes were incubated with 100 mM ethanol for various

time periods. Cytosol and membrane fractions of cell lysates

were prepared and examined for PKC enzymic activity. In-

cubation of freshly isolated hepaotcytes with ethanol decreased

PKC activity in the cytosol fraction and increased it in the

membrane fraction (Figure 5D), suggesting that ethanol stimu-

lates PKC translocation from cytosol to membrane after ac-

tivation. Western-blotting analysis also showed that acute ex-

posure of freshly isolated hepatocyte to ethanol slightly caused

PKCα and PKCβ1 protein translocation from cytosol to mem-

brane (results not shown), further supporting the notion that

acute ethanol exposure slightly activates PKC.

Tyrosine phosphatases and the ubiquintin–proteasome pathway
are not involved in ethanol suppression of IFN-induced STAT1
activation

The data from Figure 5 demonstrated that GF109203X com-

pletely antagonized PMA inhibition of STAT activation, but

only partially (30%) attenuated ethanol inhibition of STAT

activation. This suggested that PKC could not fully explain the

inhibitory action of ethanol. Thus the next obvious question was
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what other mechanisms are involved in ethanol suppression of

STAT activation. Both tyrosine phosphatases and the ubiquitin–

proteasome pathway have been implicated in inactivation of the

JAK-STAT signalling pathway (reviewed in [29–31]) ; we won-

dered whether these pathways were involved in ethanol inhibition

of IFN-activated STAT1. To test these possibilities, the non-

selective tyrosine phosphatase inhibitor sodium orthovanadate

and the specific proteasome inhibitor MG132 were used. As

shown in Figures 6(A) and 6(B), neither sodium orthovanadate

nor MG132 pretreatment antagonized ethanol suppression of

IFN-β- or IFN-γ-activated STAT1, while the same treatment

markedly reversed IL-1β suppression of IFN-α-activated STAT1

(X. Shen, Z. Tian, and B. Gao, unpublished work). This suggests

that both tyrosine phosphatases and the proteasome-dependent

pathway are not involved in ethanol suppression of IFN-induced

STAT1 activation.

DISCUSSION

IFNs have been shown to activate various signalling pathways in

many cell types [13–15], but their signalling pathways in primary

hepatocytes have not been explored. Here we demonstrate that

both IFN-α}β and IFN-γ are able to activate the JAK-STAT1,

p42}44 MAPK, and PKB}Akt in rat primary hepatocytes. IFN-

γ has been shown to activate specific STAT1, STAT3

and STAT5 in certain cell types. For example, IFN-γ activates

only STAT1 in some cell types [32,33], both STAT1 and STAT3

in adipocytes [34], and only STAT5 in U937 cells [35]. Here we

show that IFN-γ and IFN-β activate only STAT1 in rat primary

hepatocytes (Figure 1). The inability of IFNs to activate STAT3

and STAT5 in hepatocytes could be due to difference in the

receptor expression, binding affinities, the presence or absence of

other signalling proteins, or STAT dimer composition.

It has been reported that IFNs are able to activate the p42}44

MAPK signalling pathway in certain cells, and here we dem-

onstrate that both IFN-α}β and IFN-γ activate p42}44 MAPK,

but not JNK, in primary hepatocytes (Figure 2) and in human

hepatoma HepG2 cells (results not shown). Compared with

EGF, IFNs are weak activators of p42}44 MAPK, as shown in

Figure 2, where EGF activation of p42}44 MAPK was 5-fold

stronger than IFN. The connection between the JAK-STAT1

and the p42}44 MAPK signalling pathways is not clear. It has

been shown that activation of p42}44 MAPK can specifically

phosphorylate STAT3 on Ser(#( in response to growth factor [36]

and negatively regulate STAT3 activation [24,37]. However,

STAT1 appears to be a poor substrate for all MAPK superfamily

members [36], and the kinase responsible for STAT1 Ser(#(

phosphorylation has not been identified. Here we demonstrated

that blocking p42}44 MAPK activation by PD98059 slightly

potentiated IFN-γ-induced STAT1 binding and STAT1 Tyr(!"

phosphorylation (Figure 5), suggesting that activation of p42}44

MAPK may antagonize IFN-γ-induced STAT1 activation. The

role of p42}44 MAPK in the inactivation of STATs is not clear

and requires further studies.

An interesting finding in the present study is that, in freshly

isolated rat hepatocytes, biologically relevant concentrations

(less than 100 mM) of ethanol rapidly and dose-dependently

inhibited IFN-β- or IFN-γ-induced activation of STAT1, but

also potentiated IFN-β or IFN-γ-induced activation of p42}44

MAPK. Three lines of evidence suggest that activation of PKC

is involved in this event. First, the specific PKC inhibitor

GF109203X caused marked attenuation of ethanol suppression

of IFN-induced STAT1 activation (Figures 5A and 5C). Sec-

ondly, activation of PKC by PMA blocked IFN-induced STAT1

Figure 7 Model for ethanol suppression of IFN-induced STAT1 activation

IFN activates both p42/44 MAPK and STAT1 signalling pathways in primary hepatocytes, and

activation of p42/44 MAPK negatively regulates STAT1 activation. Acute exposure of

hepatocytes to ethanol induces a rapid rise in cytosolic Ca2+ [28] and a consequent activation

of PKC. Activated PKC can directly attenuate IFN-activated STAT1 or indirectly inhibit it by

potentiation of IFN-activated p42/44 MAPK. Other unknown mechanisms (?) may also be

involved in ethanol suppression of IFN-activated STAT1 in freshly isolated hepatocytes.

activation (Figures 5B and 5C). Thirdly, acute ethanol treatment

caused rapid and marked activation of PKC in primary hepato-

cytes (Figure 5D). Furthermore, Figures 5(A) and 5(C) showed

that inhibition of p42}44 MAPK activation by PD 98059 only

slightly potentiated IFN-activated STAT1 and partially

antagonized ethanol inhibition of IFN-activated STAT1. This

suggested that p42}44 MAPK may also be involved in the

inhibitory effect of ethanol on STAT activation.

Interestingly, our (J. Chen and B. Gao) unpublished work

demonstrated that biologically relevant concentrations of ethanol

attenuated STAT activation in freshly isolated hepatocytes, but

not in cultured hepatocytes or hepatocullular carcinoma HepG2

cells. Further experiments indicated that the lack of inhibitory

effect of ethanol on cultured hepatocytes and HepG2 cells was

not due to ethanol metabolism or proliferation status. These

findings suggest that freshly isolated hepatocytes are more

sensitive to ethanol inhibition of the JAK-STAT signalling

pathway than cultured hepatocytes or HepG2 cells, which may

be implicated in pathogenesis and progression of alcoholic liver

diseases.

Inhibition of PKC by GF109203X completely abolished PMA

attenuation of IFN-γ-activated STAT1 (Figures 5B and 5C), but

only partially (about 30%) blocked ethanol inhibition of IFN-

activated STAT1 (Figures 5B and 5C) or IL-6-activated STAT3

(results not shown). These findings suggest that PKC is only

partially involved in, and cannot fully account for, ethanol

suppression of STAT activation. Several mechanisms responsible

for inactivation of the JAK-STAT signalling pathway have been

proposed (reviewed in [29–31]. For example, activated JAK-

STAT can been attenuated by: (1) dephosphorylation by protein

tyrosine phosphatases ; (2) proteolytic degradation by the

ubiquitin–proteasome pathway; (3) inhibitory molecules such as

SOCS}JAB}SSI}CIS. In the present study the lack of effect of

sodium vanadate and MG132 on the inhibitory action of ethanol

on STAT1 activation suggests that protein tyrosine phosphatases

and the ubiquitin–proteasome pathway are not involved. The

inhibitory molecules are also unlikely to be involved, because
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these proteins are newly synthesized after stimulation with IFN,

whereas ethanol inhibitory action is rapid and does not require

new protein synthesis (X. Shen, Z. Tian and B. Gao, unpublished

work). Thus the molecular mechanisms responsible for ethanol

inhibition of STAT activation are not fully understood and

require further investigation.

Taken together, we have integrated each of our findings with

a proposed model (summarized in Figure 7) that allows for cross-

talk between ethanol, IFN-activated p42}44 MAPK and STAT1.

In this model, acute exposure of hepatocytes to ethanol induces

a rapid but transient activation of phosphoinositide-specific

phospholipase C and a consequent rise in cytosolic Ca#+ and

diacylglycerol [28], which can activate PKC. Activated PKC can

directly attenuate IFN-activated STAT1 or indirectly inhibit it

by potentiation of IFN-activated p42}44 MAPK. Ethanol may

also inhibit IFN-activated STAT1 by some unknown mech-

anisms. We have previously shown that acute ethanol rapidly

and significantly inhibited IL-6-activated STAT3 in freshly

isolated hepatocytes [38], suggesting that ethanol may interfere

with the phosphorylation of STAT protein in general and its

molecular target may be conserved domains of STAT proteins,

such as the Src homology 2 (SH2) domain. Indeed, it has been

reported that several kinases containing SH2 domains can be

affected by ethanol [39–42]. In view of the critical role of IFN-

activated STAT1 as a protective agent in viral infection [21,22],

ethanol suppression of IFN-activated STAT1 may, at least in

part, account for the high incidence of viral hepatitis and

unresponsiveness to IFN therapy in alcoholics.
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